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ABSTRACT

Cwirent coliection in porous thin fil m clectiodes on solid electrolytes has
been improved by using thick filin g1 ids to decrease sheet and contact resistance
m RhW and P(W clectiodes. The goads are diteetly deposited on the solid
clectiolyte cither by sputter - or photodeposition, and the clectrode deposited over
the grid. Companson of the performance of clectiodes having such underlying
girads with that of clectrodes without such giids has shown per for mance, as
measuied by current 01 powet p roduced , to be improved by 10 - 30% in

clectiodes with gt ids.




INTRODUCTION

1 evices which use. solid electiolytes, such as fuel cells, clectiolysis cells
o1 the alkali metal thermal-to-clectric converter (AMTHC) oftenrequine  that the
¢ lectiode be jo1011s inorderto allow transpoti of vapor thy ough the clectiode
from o1 1o the clectiolyte. The requirement of porosity in the clectiode must,
however, be balanced with the yequitement of © fficient electionic conduction,
Thickening, the electiode to enhance electronic conductivity may resultin greatly
impeding, transport thiough the clectiode, so an approach which will enhance
conductivity while maintaining the ability fortiensportis desirable. The problem
of maximizing both conductivity and transpor 1 in a nactal clectrode has been
addressed by making a thin filin, porous electiode which containg a thicker grid
forcur rent collection.

Flectrodes which contain ¢ rent collection groids have been made
spect fically for AMTHC, which is a ditect encrgy conversion device. capable of
necar-Camot efficiencics.  The device 1S a sod wm concentr stion cell which uses
a ceramic, polycrystalline 5"-alumina solid €lec trolyte (1BAST) tube as a separatorn
between a high presswe region containing liquid sodinm a1900 - 1300 Kanda
low pressure 1egion containing a condenser «t 400- 700 K. Sodium metal is
oxidized at the liquid sodimn/BASE inter face and sodium ions are conducted
through the BASE to the low pressute side o f  the BASI L Elections travel
throvgh an exter nal load to 1ccombine with sodium ions at the inter face between
I\ AS] ¢ and a thin film, porous mctal electrode which has been deposited onto the
low pressure side. 0f the BASH; sodium vapor travels thiough the porous
clect ode, Icaves the clect ode as vapor and is collected ona cold condenser,

from which it can be recirculated to the hot, high pressuie side of  the BASH
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[1,7].

Sever al studies on clectiode matenals for AMTHC have determined that
rhodiun - tungsten films co sputtered approximately 1.() gom thick are among, the
bestperforming c] ccgocs.  These films typically exhibit power densities 0 f
-0.5 W/em’ [3,4]. C unient collectors made of molybdenum mesh are overlaid
on the el ectrode andticd 011 with molybdenum wile.s. |t is necessary to use a
current collector which Will notimpede sodium vapor flow as sodium leaves the
¢l cctrode to condense on the cold sur face; ¢ v rient collection networks have
included wile.s spitaled over bus bars atounid the electrode [5], networ ks made
of individual wiies o1 of metalmeshesorscreen|4 g, and coarse felt or sponge
I71.

Power densit Y inan AMTLC clectr ode 1S lower ed by 1esistance in the
clectr ode (sheet1 esi stance) and by 1es1 stance between g 1e electrod ¢ and cu 3 1ent
collector (contact resistance).  Reducing  sheet resistance by thickening, the
clectrode overall is not possible because of  the need 1o maintain pathways for
sodium vapor transpor t through the. clectrode.  In order t o improve the
performance o f the current collector | grids of molybdenum metal have been
directly deposited onthe BASE surface, and the porous metal electrode sputter
deposited over the groids.  These underlying grids are either sputter o r
photodeposited onto the BASE. The clectrode is thus thickened in a grid pattern,
lowering 1esistance in the thickened regions while maintaining, the porosity of the
clectrode where there is no grid.  Directly deposited gnds have the advantages
of being casily reproducible and requiring little additional handling of the
cetamic,  Other deposition techniques, such as painting, spraying or printing (m

patteins 01 sputterdepositing over a photoresist mask at ¢ Jess suitable for time.
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applications. Additional handling of the ceramic clectrolyte raises the possibility
of damage beforeuse,andthe electr ol yle 1S sensitive to water, acid, CQO, and ion
cxchange, so common solvents and reagents are nOt appropiiale (o use.
Photolytic chemical vapor deposition, or photodeposition, is a well
cstablished technique in the. field of semiconductor (Ic.vice. fabrication and may
be applicd to deposition of metals and metal alloys on metal and insulating,
substrates as well as to semiconduc tors [8-12]. It is accomplished at low
pressure With an organomctallic vapor, such as ametal canbonyl, sutrounding the
substrate. The substiate 1s masked or light is imaged in the pattern desired; the
substrate is then irradiated with ultravioletlight. The organometallic compound
dissociates as aresult of absorption of UV light and metal condenses on the
substrate surface inthe illuminate arca. 1t 15 possible to write patterns with
micrometer resolution on the substrate using photodeposition [8,9,13].
Fxperiments lasting over 1000 hours in a sodi um exposure test chamber
(SETC) and in AMTEC cells have shown that at temperatures above 1000 K,
clectrodes with directly deposited grids consi stently perform better than those
without such grids.  Both types o f clectrodes have tied-on mesh current
collectors. Those with under] ying gt ids have lower shed resistances and highes
power densitics. The power densities of electrodes with deposited g1 ids are 15-
35 % higher thanthose without,in spite of the t hickened arcas occluding sodium
vapor transporl. As AMTLHC cells have 1ecently been operated at efficiencies as
high as 18% [ 14]) and are projected to operate well inexcess of 20)% [ 1 §], this
increase in elect rode power densit y can result 1 wan overallinciease in device

efficiency of -5 %,
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EXPERIMENTAL

1'01 ycrystalline ceramic $"-alumina tubes, 4.98-5.02 c¢m circumference,
were purchased from Ceramatee, Inc. and picpared foruse by firing in air at
1200 K for 4 hours. These tubes wer ¢ masked in patterns with stainless steel
foil or Kapton ribbons. Deposition of both photo- and sputter-deposited grids
was done in two steps; the. mask was placedinone ditection(e. g. parallel to the
¢ axis of the tubce), the material deposited, then the substrate1emoved from the
deposition chamber and masked in a per pendicular dir ection, to maim
interconnecting prid lines.  After grid lines were deposited 011 the 8"-alumina
tubes, clectrodes were deposited by magnetion sputtering.  Electrodes were

typically cylindrical in shape, 1 cm wide, for a total surface arca of -5 cn’.

Photodeposition

Molybdenum metal was deposited on the masked substrate using in an
evacuated chamber equipped with a fused silica window, as shown in Figure 1.
100 mg of Mo(CQO), was placed in a scparate chamber which was heated to 40
“C, which could be opened to the deposition chamber. The substrate was
mountedon a rod containing a heater and the. substrate heatedto120 °C. The
sample chamber was cvacuated, then opened to a flow of helium to bring the
chamber pressure to ~.5 km.  The helium flow was directed at the window to
keep it dear of Mo(CO), in order to prevent photodeposition of Mo cm the
inside of the window. Helium carrier gas (p = .25 torr) was flowed through the
chamber containing Mo(CQ),. 1t was not possible to mcasure the Mo(CO),
pressure directly as the carbonyl will poison most pressure gauges; the pressure

of Mo(CO), at 40 °C is estimated to be -().0'/ torr. The sample chamber was
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opened to the metal carbonyl chamber, bringing the total pressure to ~0.75 torr.
The full output of 21000 W Xe-1g lamp (I lanovia) was directed through the
window to illuminate the substrate. The power incident on the sample was
measured as - .01 W/em’ (200 - 250 nm).

"The deposition rate. of Mo from photodi ssociated Mo(CO), on a 120 °C
substrate was dectermined to be 5 gm/hour at 0.01 W/ecm, of 2.00-250 nm
radiation.  The grid patterns on the. cylindrical substrates used in these
experiments were deposited in three segments, and so the tube was turned 12.0”
after two hours of deposition.  The result was a regular deposit - approximately
10 um thick, in atypical grid pattern, the lines were. 2.50500 jun wide, defining
rectangles of 6-8 mm’.  For acylindiical region 1 cm wide. on the tube, an
electrode area of -- 5 cm’ was defined by a giid pattern, ‘The lines of the grid
represented some 15-20% of the clectrode arca.  After deposition in both
directions ( 1 c axis and // ¢ axis) the BASE tube with Mo lines was annealed
under vacuum with a zirconium foil getter at 1225 K for 4 - 6 hours. Anncaling
resulted in a loss of 10-20% of the grid height, resulting in lines -8 um thick.
The resistivity of the Mo lines was 50 u{)-cm, or approximatcl y 10 times the
bulk resistivity of molybdenum. The grid lines were adherent, and could not be
pecled off with adhesive tape or scraped off with a scalpel, cither before. or after

annealing.

Sputter Deposition
Sputter deposited grids were made. by masking the 8"-alumina tube with
adhesive. tape to define the grid pattern.  Ilc.cause sputtering, is not a line-of-

sight process as is photodeposition, it was necessary to have the mask for
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sputtered 1 i nes held firm] y again st the substrat . surface. Kapton oOr paper tape
which was adhesive on one side was used for the mask. After masking, the tube
was placed on a rotating holder in a chamber for d.c. magnetron sputtering and
sputtered with molybdenum using a 99.9% pure target. The first set of lines was
sputtered 10 pm thick. The substrate was removed and masked with a second
set of adhesive tapes to make the cross line. The sputtered molybdenum did not
adhere wellto the. 8" -alumina and was partially pulled up by the adhesive tape
mask. However, after the second sputter, the resistivit y of the grids was 200

pu€-cm.  The sputtered grids were. not annealed.

Electrodes

Rhodium tungsten and platinum tungsten electrodes were deposited on the
("-alumina solid clectrolyte tubes by cosputtering the two clements using d.c.
magnetron sputtering, [ 16]. The tubes were. masked to define electrodes 1 cm
wide. A series of electrode.s were put on each tube, some having underlying
grids, some without.

Flectrodes were wrapped in molybdenum screen whit]] was tiedon to the
BASE tube withMo wire. Molybdenum wire leads weic attached to each
clectrode and insulated with 99.8 % «-alumina ceramic tube.s. tilectrodes with
underlying grids were compared to clectrodes without grids in two
configurations, in a Sodium Exposure Test Cell (SETC)and in a full AMTEC

experiment.

Sodium Exposure Test Cell

The Sodium Exposure Test Cell (SHTC) consists of a stainless steel
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chamber with a flange containing six feedthroughs for leads and thermocouples
and a heater well which goes the length of the chamber,down the center. A
diagram of the SETC is shown in Figure 2. A section of BASE: tube with four
5cm’ clectrodes was mounted on the. heater well. The heater well was insulated
with u-alumina, electrically isolating the BASE from the chamber. The chamber
was scaled and evacuated, and 20 grams of sodium metaladded after evacuation.
The chamber was put in a tube furnace and the entire assembly elevated at one
end so the liquid sodium would stay in contact with the flange, which was
wrapped in a heating tape for temperature control of theliquid sodium. By
heating the furnace and placing a heater in the heater WC.]], the BASI: tube could
be kept at a constant temperature, with a gradient across all four electrodes of
no more than 5 K. The sodium pressure in the chamber could be controlled by
the temperature of the flange with which the sodium was in contact.

The four electrodes on the BASYH wer e a pair with underlying grids and
a pair without. The pairs were operated as a two electrode. elect rochemical cell,
using a I’AR 173 potentiostat with a PAR 193 Universal Programmer for
applying a potential ramp. Yachelectrode in a pair was operated as both an
anode and a cathode by changing the potential between the.m.

Electrochemical impedance spectroscopy (111S) studics were made on cach
pair using a set-up which has been previousl y described 14]. A model which
allows determination of electrode performance parameters analogous to those
defined for clectrodes in an AMTEC cell [3,4] was developed. Performance
parameters determined include R, the apparcent charge transfer resistance; B, the
temperature-in dependent exchange current; G, a dimensionless morphology

parameter which reflects impedance to sodiuin flow through the clectrode; and
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the current mecasured in an iV curve. The model may be used with
electrochemical impedance spectra or with iV curves, and has been presented in

detail in a report from JPL. [17].

AMTEC Experiment

After testing grid components in the S1 ¢ I'C, aBASE tube was prepared
for an AMTEC experiment. The experimental set-up and methods of data
analysis have been previously described [4,6]. in order to compare clectrodes
with grids with those without grids, a BASE tubes was prepared for an AMTEC
experi ment with six 5 cm” electrodes.  Four of those clectrodes had under] ying
grids, two did not. One of the electrodes with a grid was contacted by tying a
single molybdenum wire around it. The other five electrodes were contacted by
tying molybdenum screens over them with Mo wire, and attaching a Mo wire

lead.

RESULTS ANI) DISCUSSION

For efficient operation in solid electrolyte cells such as AMTEC, current
of afew Amps/cm’ and equivalent gas fluxes are required while iR losscs must
bc quite iow. For example, an AMTEC cell operating at 0.5 W/cm?® (1.0 A/cm’
and 0.5 V) may have an internal ohmic component of resistance of -0.4 -
cm’. A change of (). 1Q-cm’ at the same current density would change the power
and efficiency by 20% relative to initial power and efficiency levels. The effect
of small ohmic resistances is less significant in higher voltage, lower current
devices. The overall effect of changes in elect: odc sheet resistance in a device

such as AM’]’] iC can be significant [4,6], and it is those effects which arc largel y
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responsible for the performance improvements made in this study. Calculations
of current and voltage profiles across thin film elect rodes with sheet resistances
of some 10 /{} in cylindrical and circular grid geometrics have been reported
previously [4,6]. These calculations showed that in the case of 1 mm radius
circular grid elements, for a grid voltage of 0.4 V (typical peak power voltage
for an AMTEC €lectrode), the current density would decline - 30% from the
perimeter to the center of the circular electrode clement. Placement of grids can,
then, prevent loss of current carrying capability in clectrodes.

A full description of the e. ffects of underlying grids on electrode
performance requires determination of perfor mance parameters which may be
extracted from experi mental data, as well as the sheet resi stance (R,) measured
before and after the experiment, and the specific power during operation, Those
parameters which may be mecasured directl y are apparent charge transfer

rcsi stance (R

act

), sheet resistance (R,) and lead and contact resistance; those
which are derived using the model arc t emperat ure-i ndependent exchange current
(B), and the morphology factor (G). Each of these parameters may be
determined from an AMTEC experiment Or from an St {TC experiment, using
either current-voltage curves or electrochemical impedance spectroscopy. The
model for calculation of these parameters from AMTL iC cell data and from EIS
on an AMTEC ccl] has been previous! y discussed in detail [4, 18]. Such a model
has also been developed at JPI. for analysis of SETC data [ 17].

The derived parameters arc not full y independent, as a high sheet
resistance has the effect of reducing the active electrode area to that near the
current conduction network (grid line or lead), and reducing B while increasing

G with respect to their “true” or absolute values for the electrode film, The
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morphology factor, G, isadimensionless parameter which scales linearly with
the impedance to sodium vapor flow from the reaction region at the
electrode/electrolyte interface to the condenser. It may be derived from EIS in
an AMTEC cell or from the observed limiting currents in SETC cell current-
voltage curves. The charge transfer resistance R, and the exchange current B
correspond to standard electrochemical ternis.  In an SHTC cell they may be
derived from the slope of the current-voltage curve about 0.0 V, taken at low

sodium pressure.

Sputter Deposited Grids, Rh\W Elect rods

A set of experiments, an SETC and an AMTEC expcriment, was done with
rhodium tungsten electrodes and sputter deposited Mo grids underlying the
clectrode. Table | shows several characteristics of clectrod cs before, during and
after the AMTLIC experi ment,

Before operation, the sheet resistance for electrodes with grids was lower
than sheet resistance in electrodes without £!ids. The i mproved sheet resistance
is reflected in the lower R, and higher B found in grid electrodes. G, the
morphology factor which is an indicator of i mpcdance to sodium transport
through the electrode is higher in grid electrodes than in electrodes without grids.
As 15-20 % of the projected area of an electrode is occluded to sodium flow by
the 8 um thick grid lines, it is not surprising that sodium flow is somewhat
inhibited in electrodes with grids. Nevertheless, as seen in Figures 3 and 4,
overall performance for electrodes with grids was superior to that of electrodes
without grids. The electrodes in the AMT1:Cexperiment were contaminated

with copper, which alloyed with Rh in the electrode and formed an intermetallic,
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resulting in a high sheet resistance after 800 hours of operation.

Figure 3 shows a comparison of electrode performance in the SETC. 1t is
a plot of the ratio of measured or calculated electrode performance parameters
vs. time, where the ratio is that of grid performance to no-grid performance.
The electrodes were held 1125 K and the sodium pressure within the chamber
was .2-.4 Pa for al |oints. Three performance parameters arc included: current
alVv, R, and G. The current for electrode pairs with under-l ying grids was
consistently higher han current for pairs without grids; the average current
di fference was20%  “I"his current di fference has been cor meted for electrode
area and for the distance between electrodes in a pair. R, in the electrodes with
grids was consistently lower than R, in electrodes without g1 ids, indicating lower
resistance in the electrode. The morphology factor G was consistently higher in
electrodes with grids, indicating poorer sodium transport in those electrodes,
which would be expected in electrodes with occluded regions.

In an AMTEC experiment using sputter deposited grids, power produced was
consistently higher for electrodes with both grids and overlying mesh. Figures
4a and 4b show plots of maximum power vs. time and powes vs. temperature for
two electrodes in the cell. After the. initial maturation of electrodes, the
maximum power for the electrode with the underlying grid was, on the average,
30% greater than the power for the electrode without the g1 id. The power levels
compared in Figure 4a were produced at temperatures from 1050 - 1125 K.
Note in Figure 4b that the. temperature of the non-grid electrode was somewhat
higher than the temperature of the grid electrode, but that in spite of the lower
temperature, the grid electrode had higher power. The electiode which had an

underlying grid and a single molybdenum wire lead had maximum power about
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10% lower than mesh-contacted electrodes without underlying grids. Current
collection networks including meshes capable of carrying high currents are
important in cells with current densities of -1 Afcnt’ and greater, as is the case
with AMTEC cells.

Scanning Electron Microscopy (SEM) done after the SETC and AMTEC
experiments showed that there was no measurable migration of the sputtered
molybdenum grids into the RhW electrode material, although grain growth in the
Mo grid area was faster than in areas without grids. This increased rate of grain
growth is consistent with measured surface self-diffusion coefficients which show
Mo to diffuse 1 to 2 orders of magnitude faster than P, W and Rh,W at 1125
K [19], The gridlines were not adherent, and upon removal of the BASE from
the cell, flakes of mol ybdenum plus Rh W electrode could be seen separating
from the electrolyte. ‘I'his flaking was consistent with the observation before the
experiment that the grid lines could be lifted from the solid electrolyte with
adhesive tape. The relatively high sheet resistance in the electrode is attributed
to flaking and buckling of sputter deposited grid lines during operation.

Photodeposited Grids, Pt W Electrodes

An SETC experiment was run to compare pairs of Pt, W electrodes with and
without underlying, photodeposited molybdenum grids. Asin the case of sputter
deposited grid lines, the initial sheet resistance of electrodes with grids was lower
than that of electrodes without grids. Figure 5 shows ratios of current at 1 V
and R,, for grid/no grid electrodes. Pt, W electrodes have excellent sodium
transport characteristics, and there was no apparent impcdance to sodium flow

in either grid or no-grid electrodes (G ==0) at the experiment temperature of 1125
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K.In an experiment lasting -1300 hours, electrode pairs which had underlying
current collection grids consistently had higher currents than pairs which did not
have such grids. During the first 50- 100 hours, the electrode pair with grids
improved its performance, while the pair without declined slightly.  The
improvement in performance early in life is attributed to a lowering of contact
resistance between grid lines and electrodes as Mo and Pt, W grains conform to
each other at high temperature and as any impurities (e.g. oxides) in the grid
lines arc removed by sodium in the electrode. After 500 hours, and until the
experiment was turned off at 1300 hours, the grid electrode pair carried 10%
more current than the pair without grids. ‘The resistance in the electrodes

followed a similar pattern.

CONCI.USION

Grid lines occluding some 15-20% of the surface of a porous electrode on
a solid electrolyte can be used to improve the electrical characteristics of the
electrode, resulting in overal improvement of performance in a cell. It was
found that the mechanical characteristics of grid lines deposited by photolytic
chemical vapor deposition were superior to those deposited by sputter deposition,
in that they are adherent and do not flake off the solid electrolyte under
operation. Performance, as measured by R, and by current-voltage behavior,
was somewhat better in sputter deposited grids than in photodeposited, possibly
because of CO or carbon inclusions in photodeposited grid lines.

Experiments are underway at JP1. to investigate various aspects of current
collecting grids. These aspects include. determination of the optimum line width

to minimize G, and different contacting configurations to eliminate the need for
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tied-on meshes. We are aso investigating the possibilities of directly depositing
grids which overlay the electrode and its underlying grid and in making grids
which are integral with the electrode; i.e. made simultaneously with the

electrode.
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TAB1 E|

R 000 | [ Rucso Rt 100 Bg B G G
/1] | n n AK/mPa AK/mPa
GRID 1.4 9.0 18 1.6 112 57 7.2 8.2
NOGR 9.6 94 3.0 2,2 77 29 4.8 6.9

Table I: Characteristics of RhW electrodes with and without sputtered Mo grids
in an AMTEC experiment, before, during and after an 800 hour experiment. R,
- sheet resistance at O and at 800 hours; R, - charge transfer resistance at 50 and
at 400 hours; B - temperature independent exchange current at 50 and 400 hours;

G - morphology factor at 50 and 400 hours
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1.1ST OF FIGURES

1. The set-up of photolytic chemical vapor deposition using a Xe-Hg lamp.

2. The Sodium lixposure Test Cell (S1iTC); (a) refers to vacuum-tight
feedthroughs for electrically isolated electrode leads, and (b) refers to

fecdthroughs for thermocouples and other monitoring devices.

3. Ratios of current at 1 V (0), R, (v),andG (¢ ) of grid to no grid
electrodes operated in an SETC at 1125 K, plotted vs. time. Sputter deposited
Mo grids under sputtered Rh,W electrodes.

4a. Ratios of maximum power (0) and of R, (#) of grid to no grid electrodes
operated in an AMTEC cell, T = 1100 K. Sputter deposited Mo grids under
sputtered Rh,W electrodes.

4b. Maximum power of grid ( ¢ ) and no grid (0) electrodes operated in an
AMTEC cell, plotted vs. temperature. Electrodes with grids produced higher

power at lower temperatures.

5. Ratio of current at 1 V (0) and of R, (*) of grid to no grid electrodes
operated in an SETC at 1125 K, plotted vs. time.  Photodeposited Mo grid lines
under sputtered Pt, W electrodes.
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